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ABSTRACT 

Copolymers  consisting  of  methyl  methacrylate 
(MMA)  and  methacrylic  acid  (MAA)  and  their  layered 
silicate  nanocomposites  were  electrospun  to  form  fibers 
with  diameters  in  the  sub-micron  range.  The  presence  of 
MAA  increased  the  glass  transition  temperature  and 
thermal  stability  of  the  copolymers  through  formation  of 
anhydrides  upon  heating.  Dispersion  of  layered  silicates 
within  the  nanocomposites  improved  the 
electrospinnability  of  the  nanocomposite  dispersions. 
Fibers  of  uniform  diameters  were  obtained  for  the  poly- 
(MMA-co-MAA)  copolymers  and  their  nanocomposites 
containing  montmorillonite  (MMT),  while  protrusions 
were  observed  on  the  electrospun  fibers  from 
nanocomposites  containing  fluorohectorite  (FH).  MMT 
is  predominantly  exfoliated  and  well  distributed  within 
the  fiber  and  oriented  along  the  fiber  axis.  The 
electrospinnability  of  copolymer  solutions  and 
nanocomposite  dispersions  predicted  based  on  both 
rheological  analyses  and  conductivity  measurements 
correlates  well  with  the  experimental  electrospinning 
observations.  Char  formation  was  observed  when  the 
MMT-containing  fibers  were  heated  above  the 
decomposition  temperature  indicating  the  characteristics 
of  reduced  flammability  and  increased  self-extinguishing 
properties. 

1.  INTRODUCTION 

Electrospinning  is  an  effective  method  for  the 
production  of  polymeric  fibers  with  diameters  ranging 
from  tens  of  nanometers  to  microns  [Doshi  et  al.,  1995]. 
This  technique  has  attracted  great  interest  over  the  last 
decade  due  to  the  potential  applications  of  nanofibers 
(i.e.  fibers  with  diameters  below  100  nm)  in  such  areas 
as  molecular  electronics,  filtration,  tissue  engineering, 
sensors,  protective  clothing,  and  reinforcing  components 
for  nanocomposites.  In  electrospinning,  a  solidified  fiber 
is  formed  from  electrically  charged  polymer  liquid  jet  in 
the  presence  of  an  external  electric  field.  The  electrically 
charged  liquid  jet  accelerated  by  external  electric  field, 


travels  in  a  straight  line,  then  undergoes  a  whipping 
instability  that  leads  to  jet  stretching  before  hits  a 
grounded  collector  [Hohman  et  al.,  2001a,  2001b; 
Reneker  et  al.,  2000;  Feng,  2002,  Yarin  et  al.,  2001;  Yu 
et  al.,  2004].  “Electrospinnability”  of  a  polymer  solution 
is  thus  defined  as  the  ability  to  form  a  continuous  jet  that 
is  stable  against  breakup  into  droplets,  in  the  presence  of 
an  electric  field  [Yu  et  al.,  2004].  During  the 
electrospinning  process,  a  Rayleigh  instability  driven  by 
the  surface  tension,  which  tends  to  break  the  jet  into 
droplets,  can  develop  along  the  thin  liquid  jet.  This 
instability  becomes  more  important  as  the  diameter  of 
the  jet  becomes  smaller.  The  external  electric  field 
accelerates  the  electrically  charged  jet  and  stretches  it 
along  the  field  axis,  while  the  repulsive  forces  resulting 
from  the  surface  charges  lead  to  bending  of  the  jet  and  its 
stretching  in  the  direction  normal  to  the  electric  field. 
These  two  forces  depend  strongly  on  the  volume  charge 
density  of  the  jet,  with  most  of  the  charges  believed  to 
reside  at  the  jet  surface.  External  electric  field,  surface 
charges  and  solution  elasticity  tend  to  suppress  the 
Rayleigh  instability  and  stabilize  the  jet.  As  a  result,  the 
surface  tension,  the  charge  density  and  the  solution 
elasticity  are  thought  to  play  large  roles  in  determining 
the  electrospinnability  of  polymer  solutions  [Yu  et  al., 
2004]. 

Incorporation  of  small  levels  of  layered  silicates  (i.e. 
clays)  into  a  polymer  matrix  has  shown  great  promise  of 
yielding  nanocomposites  with  enhanced  mechanical 
strength,  chemical  resistance,  thermal  stability,  and  self¬ 
extinguishing  flammability  characteristics  compared  to 
the  pristine  polymers  [Usuki  et  al.,  1993;  Kojima  et  al., 
1993;  Giannelis,  1996].  These  property  improvements 
are  attributed  to  the  nanometric  thickness  and  high  aspect 
ratio  of  the  individual  clay  platelets,  as  well  as  to  the 
nanocomposite  morphology  with  the  platelets  being 
exfoliated  and  well  dispersed.  The  high  aspect  ratio  of 
clay  platelets  allows  their  nanocomposites  to  form  a 
percolated  mesoscale-structure  at  low  volume  fraction. 
However,  it  is  more  difficult  to  achieve  complete 
exfoliation  for  layered  silicates  with  high  aspect  ratio 
[Gilman  et  al.,  2000],  which  offsets  some  of  the 
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advantages  of  working  with  these  materials.  The 
common  approaches  undertaken  to  achieve  exfoliated 
nanocomposite  structures  include  modification  of  the 
clay  surface  chemistry  from  hydrophilic  to  organophilic 
in  order  to  improve  compatibility  with  the  host  polymer 
matrix,  as  well  as  utilization  of  special  processing 
techniques,  such  as  in-situ  polymerization,  high  shear 
solution  blending  or  melt  blending,  to  achieve 
delamination  of  the  large  stacks  of  silicate  nanoparticles 
into  isolated  (i.e.  exfoliated)  platelets  or  “tactoids” 
consisting  of  only  a  small  number  of  platelets. 

The  feasibility  of  incorporation  of  nanometer-sized 
particulates  into  fibers  has  made  electrospinning  even 
more  attractive  for  the  production  of  composite  fibers 
[Wang  et  al.,  2004a].  Orientation  of  the  filler  particles 
within  the  fibers  during  processing  creates  the  possibility 
for  manipulation  of  nanoparticles  through  appropriate 
handling  of  the  fibers  in  which  they  are  embedded  and 
oriented.  The  critical  material  parameters  for 
manufacturing  such  composite  fibers  include  the  type 
and  geometry  of  the  fillers,  and  the  extent  of 
homogeneous  dispersion  of  filler  within  the  polymer 
solution.  Fong  and  coworkers  first  demonstrated  the 
electrospinning  of  layered  silicate  nanocomposite  into 
fibers  [Fong  et  al.,  2002].  They  compounded  nylon-6 
with  MMT  by  melt  processing,  and  then  used 
hexafluoro-2-propanol  (HFIP)  or  a  mixture  of  HFIP  and 
dimethylformamide  (DMF)  to  prepare  nanocomposite 
dispersions  for  electrospinning.  The  degree  of  dispersion 
and  morphology  of  MMT  in  the  resulting  fibers  were 
characterized,  but  no  fiber  properties  were  reported. 

The  objective  of  this  work  is  to  utilize 
electrospinning  for  the  development  of  poly  (methyl 
methacrylate),  PMMA,  based  fibers  with  improved 
thermal  properties.  Specifically,  we  describe  the 
formation  of  fibers  electrospun  from  solution  of  poly 
(MMA-co-MAA)  copolymer  (50/50  weight  ratio  of 
MMA  and  methacrylic  acid,  MAA)  in 
dimethylformamide  (DMF)  and  the  corresponding 
layered-silicate  nanocomposite  dispersions.  Two  types 
of  pristine  clays,  MMT  and  fluorohectorite  (FH)  without 
any  organic  modifiers,  were  used  to  study  the  effect  of 
lateral  dimension  of  the  clay  platelets  on  fiber  formation. 
The  electrospinnability  of  the  polymer  solutions  and 
nanocomposite  dispersions  can  be  understood  in  terms  of 
the  extensional  rheological  properties  and  the 
conductivity  of  the  solutions.  The  morphology  and 
thermal  properties  of  the  fibers  are  also  reported. 

2.  EXPERIMENTAL 
2.1  Materials  and  Electrospinning 

The  poly  (MMA-co-MAA)  copolymers  and  their 
nanocomposites  consisting  of  either  montmorillonite 
(MMT)  or  fluorohectorite  (FH)  layered  silicates  prepared 


by  emulsion  polymerization  were  used  in  this  study 
[Wang  et  al.,  2004b].  For  electrospinning,  polymer 
solutions  of  6  and  8  percent  by  weight  were  prepared  by 

directly  adding  the  neat  polymers  to  the 

dimethylformamide  (DMF).  The  solutions  were 
vigorously  stirred  for  at  least  24  hours  at  room 

temperature.  Nanocomposite  dispersions  were  also 
prepared  by  adding  nanocomposites  at  concentration  of  6 
and  8  weight  percent  in  DMF.  The  dispersions  were 
vigorously  stirred  for  at  least  72  hours  at  room 

temperature.  A  parallel-plate  electrospinning  apparatus 
was  used  in  this  study,  as  described  by  Shin  et  al.  [Shin 
et  al.,  2001]  and  Fridrikh  et  al.  [Fridrikh  et  al.,  2003]. 
The  electric  field,  solution  flow  rate  and  distance 
between  the  two  parallel  plates  were  adjusted  to  obtain  a 
stable  jet. 


2.2  Solution  rheology 


Shear  rheology  was  performed  on  an  AR2000 
Rheometer  (TA  Instruments)  at  25°C  using  parallel-plate 
geometry  with  40  mm  diameter  plates.  Steady  shear 
measurements  were  carried  out  at  constant  shear  rates 
ranging  from  1  s"1  to  1000  s'1.  Extensional  rheological 
measurements  were  performed  on  a  HAAKE  CABER  1 
rheometer  (Thermo  Electron  Corporation,  WI).  In  these 
measurements,  the  solution  was  first  loaded  into  a  gap  of 
3  mm  between  two  cylindrical  plates  with  diameter  of  6 
mm,  and  then  a  ‘necked’  liquid  bridge  configuration  was 
generated  by  rapidly  separating  two  cylindrical  plates  to 
9  mm  at  a  constant  strain  rate  of  0.3  m/s.  The  evolution 
of  midpoint  filament  diameter,  Dmid(t)  was  then  recorded 
as  a  function  of  time  after  cessation  of  motion  of  the 
plates.  From  these  data,  the  Hencky  strain,  £,  and 
apparent  extensional  viscosity,  //(£) ,  were  calculated 
using  equations  1  and  2,  respectively  [Anna  and 
McKinley,  2001;  McKinley  et  al.,  2001]: 


£•  =  2  ln( — — — ) 

Dmid(t) 


(1) 


- - -  (2) 

dt 

where  D0  is  the  initial  diameter  of  the  filament  at  its 
midpoint  and  y  is  the  surface  tension  of  solution.  The 
fluid  elasticity  was  assumed  to  be  dominated  by  the 
slowest  relaxation  process.  The  dependence  of  the 
filament  diameter  on  time  can  then  be  described  by 
employing  a  balance  of  the  surface  tension  and  elastic 
forces,  as  shown  in  equation  3  [Anna  and  McKinley, 
2001;  McKinley  et  al.,  2001]: 

A- (0  =  A,(— )V*  (3) 
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where  G  is  the  elastic  modulus  of  the  filament  and  A,c  is 
the  longest  relaxation  time  of  the  solution.  The  quantity 
GD0/y.  is  referred  as  the  elastocapillary  number  [Anna 
and  McKinley,  2001]. 

2.3  Fiber  characterization 

Images  of  fibers  were  taken  using  a  JEOL-6060 
SEM  (JEOL  Ltd,  Japan).  Transmission  electron 
microscopy  (TEM)  of  fibers  was  performed  in  a  JEOL 
JEM200  CX  TEM  microscope  (JEOL  Ltd,  Japan). 
Wide-angle  X-ray  diffraction  (WAXD)  data  were 
obtained  using  a  diffractometer  (Bruker)  with  CuKa 
radiation  at  40  kV  and  20  mA.  Small  angle  x-ray 
scattering  (SAXS)  data  were  obtained  using  a  copper 
microfocused  x-ray  beam  generator  (Osmic  Inc.,  MI) 
operated  at  45  kV  and  0.66  mA.  The  sample  to  detector 
distance  was  1.3  m  as  calibrated  using  a  silver  behenate 
standard.  Two-dimensional  SAXS  data  were  collected 
using  a  multi-wire  detector  (Molecular  Metrology  Inc., 
MA).  Measurements  of  glass  transition  temperature  (Tg) 
were  carried  out  using  a  Q1000  differential  scanning 
calorimeter  (TA  Instrument,  Inc.,  DE)  at  a  heating  rate  of 
10°C/min.  Tg  was  determined  based  on  the  second 
heating  scan  preceded  by  a  cooling  scan  at  the  same  rate. 
Thermal  stability  of  electrospun  fibers  was  performed 
using  a  TA  thermogravimetric  analyzer  (TA  Instrument 
Inc.,  DE)  at  a  heating  rate  of  20°C/min.  Dynamic  light 
scattering  (DLS)  measurements  were  performed  on  a  BI- 
9000 AT  spectrometer  (Brookhaven  Instrument  Corp., 
NY).  The  nanocomposite  dispersions  of  0.5%  by  weight 
in  DMF  were  centrifuged  using  a  Centrifuge  5804R 
(Eppendorf  AG,  Germany)  at  5000  rpm  for  15  mins. 
The  top  portion  of  solution  was  taken  out  by  a  syringe 
and  filtered  using  0.1  pm  Puradisk™  PTFE  filter 
(Whatman  pic,  UK)  for  DLS  measurements.  The  5050- 
copolymer  of  0.5%  by  weight  in  DMF  was  also  used  for 
DLS  measurement. 

3.  RESULTS  AND  DISCUSSION 

3.1  Material  Characterization 

3.1.1  DSC  analysis  of  copolymers 

Figure  1  displays  the  DSC  thermographs  obtained 
from  the  second  heating  scan  for  the  poly  (MMA-co- 
MAA)  copolymers  of  various  compositions.  A  single  Tg 
is  observed  for  all  the  copolymers,  and  the  transition 
temperature  increases  with  increasing  MAA  content. 
The  observation  of  a  single  Tg  clearly  indicates  that  these 
copolymers  are  miscible  at  least  on  the  scale  of  thermal 
conduction  length  during  a  DSC  run,  on  the  order  of  20 
to  40  nm  [Huang  and  Chang,  2003]. 


Temperature  (°C) 

Figure  1.  DSC  thermographs  obtained  from  the  2nd 
heating  scan  for  PMMA,  PMAA,  and  copolymers 
consisting  of  MMA  and  MAA  monomers  at  a  weight 
ratio  of  75/25,  50/50,  and  25/75. 

3.1.2  X-ray  diffraction  analysis  of  nanocomposites 

Wide-angle  X-ray  diffraction  (WAXD)  patterns 
obtained  for  the  poly  (MMA-co-MAA)  nanocomposites 
consisting  of  MMT  are  shown  in  Figure  2a.  No  peaks 
are  discernible  for  these  MMT  nanocomposites  except 
for  the  PMAA-MMT  nanocomposite.  A  diffraction 
peak  at  20=  5.74°  is  visible  in  the  PMAA-MMT 
nanocomposite,  corresponding  to  a  d-spacing  of  1.54  nm. 
In  order  to  confirm  the  morphology  of  the  MMT- 
containing  nanocomposites  without  peaks  in  the  WAXD, 
small  angle  x-ray  scattering  (SAXS)  measurements  were 
carried  out.  Figure  3  shows  that  no  peaks  associated 
with  long-range  order  of  clay  structures  are  observed  in 
SAXS  for  the  MMT-containing  nanocomposites.  These 
data  suggest  that  MMT  clays  are  well  dispersed  in  the  as- 
polymerized  MMT-nanocomposites,  and  they  are 
predominantly  exfoliated  except  for  some  tactoids  with 
intercalated  structure  present  in  the  PMAA-MMT 
nanocomposites.  The  WAXD  patterns  obtained  for  the 
corresponding  FH-containing  nanocomposites  are  shown 
in  Figure  2b.  In  general,  a  diffraction  peak  at  20  ranging 
from  7.45°  to  8.50°,  corresponding  to  a  Bragg  spacing  of 
1.04  to  1.19  nm,  is  observed.  No  peaks  in  SAXS  are 
seen  for  these  nanocomposites  containing  FH  (not 
shown).  These  data  suggest  that  clays  are  well  dispersed 
in  the  FH-containing  nanocomposites,  yet  they  are 
predominantly  intercalated  in  nature  as  indicated  by  the 
breadth  of  the  WAXD  peaks.  Therefore,  the  as- 
polymerized  MMT  nanocomposites  are  exfoliated  better 
than  the  corresponding  FH-containing  nanocomposites. 
MMT  is  a  smectic  clay  consisting  of  layered 
aluminosilicate  structures  with  lateral  dimensions 
typically  ranging  from  0.1-1  pm,  while  FH  is  a  synthetic, 
layered  magnesium  silicate  with  lateral  dimensions 
around  4-5  pm,  much  larger  than  MMT  [Gilman  et  al., 
2000].  These  results  suggest  that  the  particle  size 
greatly  affects  the  ease  of  exfoliation  of  clay  in  the 
nanocomposites,  even  in  the  presence  of  in  situ  emulsion 


polymerization.  For  the  purposes  of  electrospinning, 
the  nanocomposites  consisting  of  50/50  weight  ratio  of 
MMA  to  MAA,  denoted  as  5050-copolymer 
nanocomposites,  were  selected  in  this  work  for  the 
studies  describe  below. 


Figure  2.  Wide  angle  x-ray  diffraction  patterns  of 
nanocomposites,  the  polymer  matrix  from  bottom  to 
top:  PMMA,  copolymers  consisting  of  75/25,  50/50, 
25/75  weight  ratio  of  MMA  to  MAA,  and  PMAA: 
(a)  MMT-containing  nanocomposites,  (b)  FH- 
containing  nanocomposites.  The  peak  positions  are 
indicated  by  the  arrows. 


3.1.3  Rheology  Analysis 
3. 1.3.1  Shear  Rheology 

When  DMF  was  used  as  the  solvent,  a  homogeneous 
translucent,  gel-like  dispersion  was  obtained  for  the 
5050-MMT  nanocomposite,  while  a  white  uniform 
dispersion  was  observed  for  the  5050-FH 
nanocomposite.  Rheological  measurements  were  carried 
out  on  these  nanocomposite  dispersions  in  DMF.  Figure 
4  shows  steady  shear  viscosity  as  a  function  of  shear  rate. 
The  dispersion  of  5050-MMT  in  DMF  exhibits  higher 
zero-shear-rate  viscosity  than  that  of  the  neat  5050- 
copolymer  solution  and  of  5050-FH  dispersion.  We  used 
dynamic  light  scattering  to  determine  the  hydrodynamic 
diameter  of  the  neat  5050-copolymer  and  the  5050- 
copolymer  matrix  in  the  nanocomposites.  The  latter  was 
obtained  by  dissolving  the  nanocomposites  in  DMF  and 
subsequently  removal  of  the  clay  component  through 
centrifuging  and  filtering.  The  results  listed  in  Table  1 
show  that  neat  5050-copolymer  has  the  largest 
hydrodynamic  diameter,  followed  by  5050-copolymer  in 
the  nanocomposite  containing  FH,  and  the  least  in  the 
nanocomposite  containing  MMT.  Since  the  DLS 
measurements  were  conducted  using  the  same  polymer 
concentration  in  DMF,  the  order  of  hydrodynamic 
diameters  reflects  the  order  of  molecular  weights.  As  a 
result,  the  increase  in  shear  viscosity  of  nanocomposites 
dispersions  is  predominantly  due  to  the  presence  of  clay, 
and  less  dependent  on  the  molecular  weight  of 
copolymers.  At  low  shear  rates  (<50  s"1,  Figure  4), 
pronounced  non-Newtonian  shear  thinning,  which  is 
characteristic  of  layered  silicate  ordering  in  the  flow 
direction  [Krishnamoorti  et  al.,  2001],  is  observed  in  the 
5050-MMT  dispersion,  but  not  in  the  5050-FH 
dispersion.  The  latter  exhibits  predominantly  Newtonian 
behavior,  as  also  seen  for  the  5050-copolymer  solution. 
The  extent  of  shear  thinning  at  these  low  shear  rates  has 
been  reported  to  correlate  directly  with  the  concentration 
of  platelets  and  the  extent  of  filler-filler  interaction 
[Wagener  and  Reisinger,  2003].  The  particle  size  of  FH 
is  much  larger  than  that  of  MMT;  however,  the  effective 
anisotropy  of  the  tactoids  of  FH  may  be  compensated  by 
the  larger  stack  size  or  an  intercalated  silicate  structure, 
indicated  by  WAXD,  as  compared  to  the  tactoids  of 
MMT.  Based  on  this,  our  results  from  the  steady  shear 
rheological  measurements  suggest  that  MMT  is  more 
exfoliated  than  FH  in  the  5050-nanocomposite 
dispersions. 


Figure  3.  SAXS  data  for  the  nanocomposites 
containing  MMT,  the  polymer  matrix  from  bottom  to 
top:  PMMA,  copolymers  consisting  of  75/25,  50/50, 
25/75  weight  ratio  of  MMA  to  MAA,  and  PMAA. 
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Figure  4.  Comparison  of  shear  viscosity  vs  shear  rate  of 
5050-compolymer  and  their  layered  silicate 
nanocomposites. 


Table  1:  Comparison  of  hydrodynamic  diameters  of  neat 
5050-copolymer  and  5050-copolymers  in 
nanocomposites. 


0.5  weight  percent  in 
DMF 

Hydrodynamic  diameter 
(nm) 

Neat  5050-copolymer 

21.24±0.38 

5050-copolymer  in  FH 
nanocomposite 

19.38±0.86 

5050-copolymer  in  MMT 
nanocomposite 

13.7±1.74 

3. 1.3.2  Extensional  rheology  and  conductivity 
measurements 

The  time  evolution  of  the  midpoint  diameter  of  the 
fluid  filament  during  the  extensional  deformation  was 
investigated  for  the  8  wt.%  PMMA,  5050-copolymer  and 
PMAA  solutions,  and  the  5050-copolymer 
nanocomposite  dispersions  in  DMF  (Figure  5a).  The 
capillary  thinning  of  a  fluid  filament  is  a  result  of  the 
competition  of  surface  tension  forces  squeezing  fluid 
from  the  filament  and  causing  it  to  thin  down,  and 
polymer  solution  elasticity  resisting  extensional 
deformations  [Anna  and  McKinley,  2001;  McKinley  et 
al.,  2001].  A  slower  rate  of  capillary  thinning  is 
expected  to  correlate  with  better  spinnability  of  the 
polymer  solution.  The  data  presented  in  Figure  5  a  shows 
that  the  PMMA  solution  has  a  lower  rate  of  capillary 
thinning  than  the  5050-copolymer  and  PMAA  solutions. 
The  values  of  apparent  extensional  viscosity  versus 
Hencky  strain,  calculated  from  the  diameter  vs.  time  data 
based  on  equations  (1)  and  (2),  are  shown  in  Figure  5b. 
Strain  hardening  is  seen  in  all  the  polymer  solutions  upon 
extensional  elongation,  and  it  is  more  pronounced  in 
PMMA  than  in  PMAA  due  to  a  higher  molecular  weight 
of  PMMA  (Mw=777,700  for  PMMA  and  Mw=258,500 
for  PMAA  based  on  gel  permeation  chromatography 


measurements).  In  addition,  results  obtained  from  the 
conductivity  measurement  listed  in  Table  2  show  that  the 
PMMA  solution  has  the  highest  conductivity  compared 
to  the  5050-copolymer  and  PMAA  solutions  in  DMF. 
These  observations  would  lead  to  the  prediction  of  better 
electrospinnability  for  the  PMMA  solutions  in  DMF  than 
for  the  5050-copolymer  and  PMAA  solutions,  based  on 
the  expectation  of  a  larger  volume  charge  density  from 
the  conductivity  measurement  and  a  slower  rate  of 
capillary  thinning  from  the  extensional  rheological 
analysis. 


Time  (s) 


(a) 


Figure  5.  (a)  Evolution  of  midfilament  diameter  vs  time 
for  the  5050-copolymers  and  their  layered  silicate 
nanocomposites  (b)  Apparent  extensional  viscosity  vs 
Hencky  strain  for  the  corresponding  materials. 

Incorporation  of  clay  apparently  decreases  the  rate 
of  capillary  thinning  of  the  nanocomposite  dispersions  as 
shown  in  Figure  5  a,  and  strong  strain  hardening  was 
observed  for  the  5050-MMT  and  5050-FH  dispersions 
(Figure  5b).  Meanwhile,  incorporation  of  clay  does  not 
cause  a  significant  change  in  the  conductivity  of  the 
nanocomposite  dispersions  (Table  2).  As  a  result,  the 
layered-silicate  nanocomposite  dispersions  are  expected 
to  result  in  better  electrospinnability  than  the 
corresponding  polymer  solutions.  An  elastic  model, 
described  by  equation  3,  was  used  to  fit  the  data  on 
extensional  elasticity  to  determine  the  longest  relaxation 
time,  A,c,  associated  with  both  polymer  solutions  and 


nanocomposite  dispersions  [Anna  and  McKinley,  2001; 
McKinley  et  al.,  2001].  Table  2  lists  the  values  of  the 
relaxation  time,  A,c,  and  the  filament  break  up  time,  tb, 
obtained  for  these  solutions  and  dispersions.  Both  the  Xc 
and  tb  values  associated  with  the  nanocomposite 
dispersions  are  significantly  higher  than  those  of  the 
unfilled  polymers,  presumably  due  to  the  results  of  filler- 
filler  interaction  and  the  polymer-filler  interaction.  In 
addition,  the  5050-MMT  dispersion  exhibits  a  longer 
relaxation  time  and  a  longer  experimental  time  to  break 
than  those  obtained  for  the  5050-FH  dispersion.  We 
attribute  this  observation  primarily  to  the  difference  in 
the  extent  of  exfoliation  of  these  clays,  in  accord  with  the 
results  seen  in  the  shear  rheology  analyses  and  WAXD 
patterns  for  as-polymerized  nanocomposites. 

Table  2.  Values  of  longest  relaxation  time  and  time  to 
break  from  extensional  rheological  measurements,  and 
values  of  conductivity  obtained  for  different  solutions  or 
dispersions. 


8  wt%  in 
DMF 

(s) 

tb  (s) 

Conductivity 

(pS/cm) 

PMAA 

U8xl  0- 

0.312 

40.9 

5050- 

copolymer 

2.73xl0"2 

0.337 

79.6 

PMMA 

3.57  xlO-2 

0.442 

112.0 

5050-FH 

5.38  x  UP 

0.677 

72.1 

5050-MMT 

6.96  xlO'2 

0.824 

82.7 

3.2  Electrospinning 

Figure  6  shows  the  representative  SEM  images  of 
electrospun  fibers.  At  6  wt.%,  a  bead-on-string 
morphology  was  observed  when  the  5050-copolymer 
(Figure  6a)  and  PMAA  solutions  were  spun,  while 
formation  of  fibers  was  achieved  for  the  PMMA  solution 
(Figure  6b),  5050-MMT  (Figure  6c)  and  5050-FH 
(Figure  6d)  dispersions.  Uniform  fibers  were  obtained 
for  the  5050-MMT  nanocomposite  (Figure  6c),  but 
formation  of  inhomogeneities  was  visible  on  some  of  the 
electrospun  5050-FH  fibers  (Figure  6d).  The  latter  is 
thought  to  be  due  to  the  dimension  of  the  FH  clays 
(about  4-5  pm)  being  significantly  larger  than  the  fiber 
diameter,  resulting  in  large  protrusions.  Results  of  the 
TEM  analysis  indicate  that  the  majority  of  intercalated 
FH  structures  are  present  in  these  inhomogeneities  rather 
than  in  the  uniform  sections  of  the  fibers.  At  8  wt.% 
solutions,  uniform  fiber  morphology  was  obtained  for  the 
PMAA,  5050-copolymer  and  PMMA  solutions,  and 
5050-MMT  dispersion  (Figure  6e);  however,  protrusions 
were  still  observed  on  some  of  electrospun  fibers  from 
the  5050-FH  nanocomposite  dispersions  (Figure  6f). 


(a)  (b) 


Figure  6.  Representative  SEM  images  of  electrospun 
fibers  from  the  following  solutions  in  DMF:  (a)  5050- 
copolymer  (6  wt%),  (b)  PMMA  (6%),  (c)  5050-MMT 
(6%),  (d)  5050-FH  (6%),  (e)  5050-MMT  (8%),  (f) 

5050-FH(8%). 

3.3  Characterization  of  fibers: 

3.3.1  Morphology  analysis 

The  morphology  and  the  degree  of  dispersion  of 
nanoclays  within  the  fibers  were  characterized  by  TEM 
and  wide-angle  x-ray  diffraction  (WAXD).  TEM  results 
reveal  that  the  majority  of  MMT  platelets  are  exfoliated, 
and  they  are  well  distributed  within  the  fiber  and  oriented 
along  the  fiber  axis,  as  shown  in  Figure  7a.  This  clearly 
indicates  the  feasibility  of  electrospinning  of  the  2-D 
platelet  structures  and  the  potential  to  achieve  proper 
alignment  of  these  nanoclays  along  the  fiber  axis,  which 
is  critical  for  the  nanocomposite  fabrication.  Fewer  FH 
clay  particles  are  observed  within  the  as-spun  fibers,  and 
most  of  these  appear  to  be  in  intercalated  structures  and 
reside  near  the  edge  of  the  fibers,  as  shown  in  Figure  7b. 
They  are  nevertheless  well  aligned  in  the  fiber  direction. 


(b) 


Figure  7.  Representative  TEM  images  of 
electrospun  fibers  from  the  following  solutions  in 
DMF:  (a)  5050-MMT  (6%),  (b)  5050-FH  (6%). 

3.3.2  Thermal  analysis  of  libers 

Thermal  stability  of  the  electrospun  fibers  was 
evaluated  using  TGA  in  nitrogen  atmosphere.  Figure  8 
shows  the  weight  change  as  a  function  of  temperature  at 
a  heating  rate  of  20°C/min.  The  fibers  spun  from  5050- 
copolymer  exhibit  a  shift  of  thermal  degradation  to 
higher  temperatures  relative  to  that  of  the  PMMA  fiber. 
An  increase  of  about  100°C  was  noted  in  the  5050- 
copolymer  and  the  corresponding  MMT  and  FH 
nanocomposites;  however,  these  fibers  reveal  noticeable 
weight  loss  at  much  lower  temperature  than  the  PMMA 
fiber.  PMAA  is  hydrophilic,  and  a  minor  weight  loss 
between  room  temperature  and  about  100°C  may  be  due 
to  the  release  of  adsorbed  water.  Upon  further  heating, 
PMAA  can  undergo  anhydride  formation  between  pairs 
of  carboxyl  groups  of  the  monomer  units  [Ho  et  al., 
1992].  In  the  case  of  fibers  electrospun  from  the  5050- 
copolymer  containing  materials,  we  expect  weight  loss 
from  the  formation  of  anhydrides  between  the  carboxyl 
group  of  MAA  and  carboxylate  group  of  MMA  other 
than  the  release  of  adsorbed  water  and  water  from 
anhydride  formation  of  MAA  units.  As  a  result,  a  broad, 
gradual  weight  loss  prior  to  thermal  degradation  was 
seen  in  TGA  data  for  these  MAA-containing  materials. 

Figure  9  compares  the  residue  of  fibers  after  the 
TGA  measurement;  the  5050-MMT  fibers  charred  after 
being  heated  above  650°C  in  nitrogen  while  a  film 


formation  was  noted  in  the  5050-FH  fibers.  The  char 
formation  indicates  the  presence  of  a  percolated  structure 
in  the  electrospun  5050-MMT  fibers  [Lee  et  al.,  2002]. 
However,  percolation  is  not  evident  from  the  TGA 
residue  of  5050-FH  fibers.  The  MMT  char  could  act  as 
an  excellent  insulator  and  mass  transport  barrier  to 
mitigate  subsequently  the  escape  of  volatile  products 
generated  during  polymer  decomposition.  This  char  is 
desired  to  reduce  the  flammability  and  increase  the  self- 
extinguish  property  of  nanocomposite  fibers  [Gilman  et 
al.,  2000]. 


Figure  8.  Comparison  of  weight  changes  of 
electrospun  fibers  as  a  function  of  temperature  for 
PMMA  (solid  line),  5050-copolymer  (♦),  5050- 
MMT  (of  5050-FH(UI  nanocomnosites. 


Figure  9.  Comparison  of  TGA  residues  of 
electrospun  fibers:  (a)  5050-MMT,  (b)  5050-FH. 


SUMMARY 

Fibers  of  poly  (MMA-co-MAA)  copolymers  and 
their  layered  silicate  nanocomposites  were  prepared  by 
electrospinning.  The  presence  of  MAA  increased  the  Tg 
and  thermal  stability  of  the  copolymers  through 
formation  of  anhydrides  upon  heating.  Incorporation  of 
clays  increased  the  zero-shear-rate  viscosity  of  the 
nanocomposite  dispersions  over  that  of  the  pristine 
polymer  solutions.  The  electrospinnability  of  copolymer 
solutions  and  nanocomposite  dispersions  predicted  based 
on  data  from  both  extensional  viscosity  and  conductivity 
measurements  correlates  well  with  the  production  of 
uniform  fibers.  Dispersion  of  clays  within  the 
nanocomposites  improved  the  electrospinnability  of 
these  materials.  Uniform  fibers  with  diameters  in  the 
sub-micron  range  were  obtained  for  the  5050-copolymer 
and  5050-MMT  nanocomposite,  while  existence  of 


protrusions  is  observed  from  electrospinning  of  5050-FH 
fibers,  due  to  the  large  size  of  the  FH  clay  platelets. 
MMT  is  predominantly  exfoliated  and  well  distributed 
within  the  fiber  and  along  the  fiber  axis;  however,  fewer 
FH  platelets  are  observed  within  the  fiber  and  most  of 
them  appear  to  be  intercalated.  In  addition,  the  fibers 
containing  well-dispersed  and  predominantly  exfoliated 
MMT  clays  char  upon  decomposition.  Thus,  through 
electrospinning  of  nanocomposite  dispersions  containing 
copolymers  of  MM  A  and  MAA  synthesized  in  situ  with 
clays,  novel  fibers  with  high  glass  transition  temperature, 
thermal  stability,  reduced  flammability  and  increased 
self-extinguishing  properties  have  been  demonstrated. 
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